Our knowledge of how androgens influence the cardiovascular system is far from complete, and this lack of understanding is especially true of how androgens affect resistance vessels. Our aim was to identify the signaling mechanisms stimulated by testosterone (TES) in microvascular arteries and to understand how these mechanisms mediate TES-induced vasodilation. Mesenteric microvessels were isolated from male Sprague-Dawley rats. Tension studies demonstrated a rapid, concentration-dependent, vasodilatory response to TES that did not involve protein synthesis or aromatization to 17b-estradiol. Dichlorofluorescein fluorescence and nitrotyrosine immunoblot experiments indicated that TES stimulated peroxynitrite formation in microvessels, and functional studies demonstrated that TES-induced vasodilation was inhibited by scavenging peroxynitrite. As predicted, TES enhanced the production of both peroxynitrite precursors (i.e., superoxide and nitic oxide), and xanthine oxidase was identified as the likely source of TES-stimulated superoxide production. Functional and biochemical studies indicated that TES signaling involved activity of the phosphoinositide 3 (PI3) kinase-protein kinase B (Akt) cascade initiated by activation of the androgen receptor and culminated in enhanced production of cGMP and microvascular vasodilation. These findings, derived from a variety of analytical and functional approaches, provide evidence for a novel nongenomic signaling mechanism for androgen action in the microvasculature: TESstimulated vasodilation mediated primarily by peroxynitrite formed from xanthine oxidase-generated superoxide and NO. This response was associated with activation of the PI3 kinase-Akt signaling cascade initiated by activation of the androgen receptor. We propose this mechanism could account for TES-stimulated cGMP production in microvessels and, ultimately, vasodilation.
Introduction
Our knowledge of how gonadal steroids impact cardiovascular function is far from complete, and this incomplete understanding is especially true of androgens. Nonetheless, U.S. prescription sales for androgens have increased by more than 500% since the 1990s (Bhasin and Buckwalter, 2001) . In light of their increased use, it is troublesome that our understanding of the cellular and molecular basis of androgen action on blood vessels is lacking. Moreover, what we do know of androgen action on cardiovascular physiology is controversial. For example, androgens increase the incidence of hypertension and cardiac disease in men (Sullivan et al., 1998) ; however, there is an inverse correlation between testosterone (TES) levels and blood pressure in middle-aged men (Khaw and Barrett-Connor, 1988) . Further, endogenous TES lowers cardiovascular mortality, and declining TES levels are a strong independent predictive marker for cardiovascular disease in men (Keating et al., 2006; Khaw et al., 2007; Maggio et al., 2007) . Interestingly, acute administration of TES improves exercise-induced myocardial ischemia (Rosano et al., 2007) , but the mechanism of this nongenomic vasodilatory effect of TES remains unclear. We and others have demonstrated that TES relaxes larger arteries in vitro (Yue et al., 1995; Chou et al., 1996; Costarella et al., 1996; Deenadayalu et al., 2001; Ding and Stallone, 2001; English et al., 2002; Tep-areenan et al., 2002) ; however, far fewer studies have investigated TES signaling in smaller, resistance vessels.
Gonadal steroids may influence cardiovascular function by modulating the production of reactive oxygen and nitrogen species (White et al., 2005; Iliescu et al., 2007; Sullivan et al., 2007) . We and others have linked TES-induced relaxation of some vessels to the production of nitric oxide (NO) (Chou et al., 1996; Costarella et al., 1996; Tep-areenan et al., 2002; Deenadayalu et al., 2012) . Interestingly, peroxynitrite (formed rapidly from the combination of superoxide with NO) lowers resistance in the mesenteric vasculature (Graves et al., 2005) ; however, whether peroxynitrite can mediate the vascular effects of androgens remains unknown. The present study provides the initial evidence that androgens induce vasodilation of microvascular resistance vessels via an acute, nongenomic mechanism dependent on peroxynitrite formed from the combination of TES-generated NO and superoxide.
Materials and Methods
Animals. All procedures and protocols were approved by the Georgia Health Sciences University Committee on the Use of Animals in Research and Education and conformed to the U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals. Adult male Sprague-Dawley rats (10-14 weeks old) were obtained from Harlan (Indianapolis, IN). Animals were anesthetized with 5-10% isoflurane (confirmed by lack of reflex responses), followed by exsanguination. The mesenteric bed was quickly removed, and mesenteric microvessels were isolated under stereomicroscope by carefully removing fat and connective tissue and placed into ice-cold dissociation buffer consisting of the following (in millimolars):118.06 NaCl, 48 KCl, 1.18 MgCl 2 , 26.18 NaHCO 3 , 1.17 KH 2 PO 4 , 2.45 CaCl 2 and 11 glucose.
Microvascular Reactivity Studies. Segments (2 mm long) of primary or secondary branches of the mesenteric artery were mounted on fine tungsten wires (40-mm diameter) on a Mulvany-Halpern myograph (Model 610 M; Danish Myo Technology, Aarhus, Denmark) (Mulvany and Halpern, 1977) and stabilized for 40 minutes in Krebs' solution of the following composition (in millimolars): 122 NaCl, 4.7 KCl, 15.5 NaHCO 3 , 1.2 KH 2 PO 4 , 1.2 MgCl 2 , 1.8 CaCl 2 , 11.5 glucose, pH 7.2 (37°C). Vessels were stretched to a force of 3.0-3.5 mN to simulate physiologic tone and contracted with 10 mM phenylephrine to stabilize the preparations. After washout and re-equilibration (30 minutes), vessels were again contracted with phenylephrine, and a complete concentration-relaxation relationship was obtained for cumulative addition of TES. Vasodilator responses were expressed as the percentage of relaxation of phenylephrine-induced tone. Various inhibitors were added 30 minutes before the agonist and remained in the medium throughout the test period.
Detection of NO, Superoxide, and Peroxynitrite. We used the fluorescent indicator dichlorofluorescein (DCF) as a general marker of cellular oxidation (El-Remessy et al., 2007) , and dihydroethidium (DHE) was used to detect superoxide generation (White et al., 2005) . Briefly, serial cryosections (10 mm) were preincubated for 30 minutes at room temperature in phosphate-buffered saline in the presence or absence of each of the following inhibitors: polyethylene glycolsuperoxide dismutase (PEG-SOD; 400 U/ml), uric acid (UA; 1 mM), and N G -nitro-L-arginine methyl ester (L-NAME; 100 mM). Sections were then incubated with DCF or DHE (10 mM) in the presence or absence of the same inhibitors for 1 hour at 37°C in the dark. The NO indicator dye 4-amino-5-methylamino-2',7'-difluorescein (DAF-FM) was also used (2 mM; 30 minutes), with L-NAME (100 mM) used to control for nonspecific fluorescence (White et al., 2002) . Fluorescent images were obtained with a laser-scanning confocal microscope (Microradiance CSLM; Bio-Rad, Hercules, CA) at a magnification of Â200. Fluorescence was quantified with Image-J software (NIH, Bethesda, MD).
Cyclic Nucleotide Measurements. cGMP was measured by enzyme immunoassay (Biomol, Farmingdale, NY) (White et al., 2000) . Mesenteric vessels were preincubated for 30 minutes at 37°C in buffer containing inhibitors, whereas control vessels were treated with vehicle only. Tissues were then treated with either 1 nM, 100 nM, or 1 mM TES. Reactions were terminated after 5 or 15 minutes or 30 minutes by removing the buffer and adding 0.5 ml of 0.1 N HCl for 30 minutes at room temperature. Results were expressed as femtomoles nucleotide per cell number.
Xanthine Oxidase Assay. Mesenteric vessels were preincubated for 30 minutes (37°C) in buffer containing inhibitors, whereas control vessels were treated with vehicle only. Tissues were then treated with 1 nM, 100 nM, or 1 mM TES in the absence or presence of inhibitor. Reactions were terminated after 30 minutes, and tissue was frozen (280°C) until use. Tissues were homogenized in 100 mM Tris-HCl, pH 7.5, with protease inhibitors, and centrifuged (10,000g) for 15 minutes (40°C), and the supernatant was assayed for xanthine oxidase (XO) activity. XO first produces hydrogen peroxide, which then reacts with 10-acetyl-3,7-dihydroxyphenoxazine in the presence of horseradish peroxidase to produce the highly fluorescent compound resorufin.
Electronic Paramagnetic Resonance Measurement of Superoxide. Superoxide levels in vessels were quantified by electronic paramagnetic resonance (EPR) using the spin-trap compound 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine HCl (Lakshminrusimha et al., 2007) . Approximately 10 mm of artery was isolated and preincubated (30 minutes, 37°C) in buffer containing allopurinol (300 mM) and then treated with TES (100 nM or 1 mM). Control vessels were treated with vehicle only. Reactions were terminated by flash freezing in liquid nitrogen. The frozen tissue was pulverized and placed into EPR buffer [phosphate buffered saline supplemented with 5 mM diethydithiocarbamate (SigmaAldrich, St. Louis, MO) and 25 mM desferrioxamine (Sigma-Aldrich)] with 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine HCl (5 mg/ml). Samples were further incubated for 20 minutes on ice and centrifuged (14,000g; 15 minutes) at room temperature; 35 ml of supernatant from each sample was loaded into a 50-ml capillary tube and analyzed with a MiniScope MS200 ESR (Magnettech, Berlin, Germany). Resulting EPR spectra were analyzed using ANALYSIS v.2.02 software (Magnettech).
Western Blotting. Expression of NOS or protein kinase B (Akt) was detected using specific antibodies (1:1000; BD Biosciences, Franklin Lakes, NJ) as described previously (Han et al., 2007) . Protein concentrations were determined by Bio-Rad DC protein assay. Blots were visualized with an enhanced chemiluminescence system (GE Healthcare, Piscataway, NJ). Phosphorylation of Akt was determined by immunoblotting with antibody-recognizing phosphorylated (ser 473) kinase (1:1000; BD Biosciences). Phospho-Akt immunoblots were stripped and immunoblotted for total Akt (1:1000; Sigma-Aldrich).
Nitrotyrosine Formation. Relative amounts of proteins nitrated on tyrosine were measured using slot-blot techniques (El-Remessy et al., 2003) . Briefly, cellular protein samples were immobilized onto polyvinylidene difluoride membranes by using a slot-blot microfiltration unit (Bio-Rad). A dilution series of peroxynitrite-modified bovine serum albumin (Cayman Chemical, Ann Arbor, MI) was loaded to generate a standard curve, and nitrotyrosine was detected using a monoclonal anti-nitrotyrosine antibody (Cayman Chemical) followed by peroxidase-labeled goat anti-mouse IgG and electrogenerated chemiluminescence (ECL). Relative levels of nitrotyrosine immunoreactivity were determined by densitometry.
Statistical Analysis. All data were expressed as the mean 6 S.E. Significance between two groups was evaluated by Student's t test. A multivariate (two groups by three drug concentrations) repeated measures analysis of variance was used to compare control groups to drug-treated groups (SAS, Cary, NC; version 9.2). A probability of less than 0.05 indicated a significant difference.
Results
TES Induces Nongenomic Vasodilation of Microvessels. TES produced a concentration-dependent relaxation of mesenteric microvessels, whereas vehicle alone (,0.1% ethanol) had minimal effect on vessel tension over the same concentration range (Fig. 1A) . On average, TES produced a maximal relaxation (10 mM) of 38.3 6 3.6% (n 5 11). Pretreating vessels with 80 mM actinomycin D, an inhibitor of protein synthesis, had no effect on the magnitude of TESinduced relaxation (1 nM, 100 nM, or 10 mM TES) (Fig. 1B) . Maximal relaxation in the presence of actinomycin D was 37.0 6 6.8% (n 5 5). Because aromatase is expressed within the vascular wall (Diano et al., 1999) , it was possible that TES could be converted to estrogen. However, dihydrotestosterone, a nonaromatizable androgen, also relaxed mesenteric microvessels, albeit to a lesser extent (Fig. 1B) . On average, 10 mM dihydrotestosterone produced 19.2 6 2.2% relaxation (n 5 5; P , 0.01). Further, TES-induced relaxation was unaltered by treating vessels with 75 nM finasteride, an inhibitor of 5a reductase (n 5 5; Fig. 1B ). In contrast, TES-induced relaxation was attenuated by 10 mM flutamide, an antagonist of the androgen receptor. Flutamide abolished TES-induced relaxation at all concentrations (n 5 5; P , 0.001; Fig. 1B) . Similarly, cyproterone (androgen receptor partial agonist) inhibited TES-induced relaxation (unpublished data). On average, 10 mM cyproterone inhibited the relaxation response to 10 mM TES by 22.7 6 2.9% (n 5 5; P , 0.001).
TES-Induced Vasodilation Involves Peroxynitrite Generation. As illustrated in Fig. 2A , 100 nM TES (30 minutes) stimulated DCF fluorescence in resistance arteries. On average, TES increased fluorescence intensity by .50% in microvessels (n 5 3; P , 0.05). Interestingly, TES-induced fluorescence was prevented by first treating vessels with either 1 mM UA (peroxynitrite scavenger) or 10 mM 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato iron III chloride (FeTPPs), a peroxynitrite decomposition catalyst ( Fig. 2A) . On average, UA or FeTPPs inhibited TES-induced fluorescence by 75 and 95%, respectively (n 5 3; P , 0.05). In addition, membrane-permeable superoxide dismutase, PEG-SOD 1 catalase also abolished the effect of TES on oxidant production (n 5 3; unpublished data).
Peroxynitrite can modify proteins by interacting with and nitrating tyrosine residues to form 3-nitrotyrosine (3-NT), and we found that acute (15-30 minutes) treatment with 100 nM TES increased detection of tyrosine-nitrated proteins by nearly 30% (n 5 3; Fig. 2B ). Further, scavenging of peroxynitrite attenuated TES-induced vasodilation. A summary diagram illustrating the effect of UA or FeTPPs on the response of microvessels to TES is illustrated in Fig. 2C . On average, the maximal relaxant effect of 10 mM TES was only 9.9 6 3.5% in the presence of 1 mM UA or 15.8 6 3.1% in the presence of 10 mM FeTPPs (n 5 4-5 for each treatment; P , 0.001). Lastly, we found that the effect of TES could be mimicked by 5-amino-3-(4-morpholinyl)-1,2,3-oxadiazolium chloride (SIN-1), a peroxynitrite generator (Kohr et al., 2010) (Fig. 2C) . SIN-1 (10 mM)-induced relaxation (47.8 6 3.3%; n 5 5) was similar to that observed with 10 mM TES; however, SIN-1 may not be a "pure" peroxynitrite donor (Paolocci et al., 2000) .
TES Stimulates NO Production in Microvessels. Peroxynitrite results from the rapid combination of NO with superoxide, and we found that inhibiting nitric oxide synthase (NOS) activity attenuated TES-induced relaxation. N G -monomethyl-L-arginine (10 mM) nearly abolished relaxation to maximal levels of 10 mM TES (6.6 6 4.0%; n 5 5; P 5 0.002; Fig. 3A) . Similarly, pretreating microvessels with 10 mM N v -nitro-Larginine methyl ester (L-NAME) also attenuated the relaxation response to 10 mM TES (8.3 6 2.6%; n 5 6; P , 0.001; Fig. 3A) . N G -monomethyl-L-arginine and L-NAME are nonselective NOS inhibitors, and we detected expression of both NOS-3 / eNOS and NOS-1 / nNOS in mesenteric microvessels (unpublished data). Subsequent fluorescence studies confirmed TES-stimulated NO production. As illustrated in Fig.  3B (upper panels), 100 nM TES significantly increased DAF-2 fluorescence after a 30-minute exposure (n 5 3). On average, TES increased NO-stimulated fluorescence by .60% (P , 0.01; n 5 3) in these vessels. Because DAF-2 is not completely specific for NO, we included control experiments using L-NAME. In the presence of L-NAME, TES had no effect on fluorescence (unpublished data). Further, Wortmannin [an inhibitor of the phosphoinositide 3 (PI3) kinase-Akt signaling cascade] also attenuated TES-induced NO fluorescence. In the presence of 50 nM Wortmannin, 100 nM TES had no effect on DAF-2 fluorescence (Fig. 3B , lower panels; n 5 4).
TES Generates Superoxide in Microvessels via Xanthine Oxidase Activity. TES-enhanced DHE fluorescence in microvessels (Fig. 4A) . On average, 100 nM TES increased DHE fluorescence by nearly 60% (n 5 3; P , 0.05) over control levels. This response was abolished by 300 mM tempol (SOD mimetic; n 5 4; Fig. 4A ) or by 250 U/ml of PEG-SOD (n 5 4; unpublished data). We then used EPR to quantify the effect of TES on superoxide production, and these studies revealed that TES (1 mM, 30 minutes) more than doubled EPR studies further demonstrated that TES-stimulated superoxide production from microvessels was completely abolished by 300 mM allopurinol, an inhibitor with selectivity for xanthine oxidase (XO; 3.9 6 0.68 mM/mg of protein; n 5 4; Fig.  4B ). Subsequent biochemical measurements revealed that TES stimulated XO activity in a concentration-dependent fashion (Fig. 4C) . On average, XO activity (0.13 6 0.05 mU/mg of protein) was increased to 0.95 6 0.11 mU/mg of protein by 1 nM TES and to 0.72 6 0.1 mU/mg of protein by 100 nM TES (n 5 3; P , 0.001). As expected, TES-stimulated XO activity was abolished by 300 mM allopurinol (0.05 6 0.07 mU/mg of protein). Isometric tension studies confirmed that allopurinol was highly effective at inhibiting TES-induced vasodilation TES (Fig.  4A ). On average, 10 mM TES produced only 8.7 6 5.3% relaxation in the presence of 300 mM allopurinol (n 5 6; P , 0.001). In contrast, TES-induced relaxation was unaffected by 300 mM apocyanin (NADPH oxidase inhibitor; unpublished data) or 3 mM antimycin (mitochondrial electron transport inhibitor; unpublished data).
TES Signaling Involves the PI3 Kinase-Akt Cascade. Experiments using Wortmannin (Fig. 3B) suggested involvement of PI3 kinase activity in the response to TES. Similarly, we found that 50 nM Wortmannin attenuated TES-induced vasodilation. On average, 50 nM Wortmannin attenuated the relaxation response to 10 mM TES by 40% (n 5 5; P , 0.001; Fig.  5A ). In addition, immunoblot data detected TES-stimulated phosphorylation of Akt. TES (100 nM) produced a timedependent increase in Akt phosphorylation, which reached a maximal level at 30 minutes (.40-fold increase in band density compared with control levels; P , 0.001; n 5 3; Fig.  5B ). Interestingly, this increase in Akt phosphorylation was completely abolished by 50 nM Wortmannin (n 5 3) and was (100 nM or 10 mM) in the absence or presence of 1 mM UA (n = 4-5) or 10 mM FeTTPs (n = 4-5). Average vasodilatory effect of 100 nM or 10 mM SIN-1 is also illustrated (n = 5). Each bar represents the mean response 6 S.E. *P , 0.05 compared with TES alone. con, control. Fig. 3 . TES stimulates NO production in microvessels. (A) Comparison of vasodilatory response to TES in the absence (control) or presence of either 100 mM L-NAME (n = 6) or 100 mM N G -monomethyl-L-arginine (L-NMMA) (n = 5). Each bar represents the mean response 6 S.E. *P , 0.05 compared with TES response. (B) upper panels: Representative images of DAF-2 fluorescence detected in cross-sections of mesenteric microvessels before (con) and 30 minutes after exposure to 100 nM TES (n = 3). Lower panels: DAF-2 fluorescence in the presence of 50 nM Wortmannin (W) alone or Wortmannin + 100 nM TES (n = 3). also attenuated significantly by 10 mM flutamide (P , 0.05; n 5 3). In contrast, the amount of total Akt detected in these experiments did not vary.
cGMP Is Elevated by TES in Microvessels. As illustrated in Fig. 6A , 100 nM TES more than doubled cGMP production (from 0.75 6 0.12 to 1.92 6 0.37 fmole cGMP per mg of protein; n 5 3; P , 0.001) in mesenteric microvessels. This response to TES was attenuated by 10 mM 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one, an inhibitor of guanylyl cyclase activity, 1 mM UA, or 300 mM allopurinol (n 5 3 determinations for each inhibitor). Sodium nitroprusside (10 mM) was used as a positive control for cGMP production (n 5 3; P , 0.05). In a related functional study, 10 mM 1H-[1,2,4] oxadiazolo[4,3-a]quinoxalin-1-one reduced 10 mM TES-induced relaxation to only 20.1 6 7.3% (n 5 5; P , 0.05; unpublished data).
Discussion
The present findings provide evidence for a novel mechanism of androgen action in the microvasculature (Fig. 6B) . We propose that TES activates the androgen receptor (or an ARlike protein) and stimulates activity of the PI3 kinase-Akt signaling cascade. Subsequently, activity of both XO and NOS (i.e., eNOS, nNOS) are enhanced to generate superoxide and NO, respectively. These compounds rapidly combine to form peroxynitrite, which enhances production of cGMP in mesenteric microvessels to promote vasodilation. Our detection of TES-induced production of peroxynitrite, superoxide, and NO in microvessels strongly supports this model. Further, TESinduced vasodilation was nearly abolished by agents that prevent peroxynitrite accumulation or inhibit XO activity. Because reduction of peroxynitrite levels or XO inhibition also attenuated TES-stimulated cGMP production, we propose Fig. 4 . TES increases superoxide production via XO activity. (A) Representative images of DHE fluorescence of mesenteric microvessels in the absence (con) or presence of 100 nM TES (30 minute; n = 4) or TES + 300 mM tempol (n = 4). Each bar represents the mean fluorescence 6 S.E. under each condition. *P , 0.05 compared with control levels. (B) Electron paramagnetic resonance measurement of superoxide levels in the absence (con) or presence of 1 mM TES (30 minutes) or TES + 300 mM allopurinol (AP; n = 4). Each bar represents the mean 6 S.E. under each condition. *P , 0.05 compared with control levels. (C) XO activity in the absence (con) or presence of either 1 nM or 100 nM TES (n = 3) or in the presence of 100 nM TES + 300 mM allopurinol (AP; n = 3). Each bar represents the mean 6 S.E. under each condition. *P , 0.05 compared with control levels. (D) Comparison of vasodilatory response to TES in the absence or presence of 300 mM allopurinol (AP; n = 6). Each bar represents the mean response 6 S.E. *P , 0.05 compared with TES response. 
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that TES-stimulated cGMP production involves peroxynitrite generation in these microvessels.
Previous studies report that TES increases global oxidative stress, which might contribute to higher blood pressure in men (Iliescu et al., 2007; Sullivan et al., 2007) . In agreement, we found that TES increases oxidant production (i.e., superoxide and peroxynitrite) in isolated microvessels from male animals. Interestingly, we found that TES-stimulated oxidant production induced microvascular dilation, which could lower peripheral vascular resistance. Our findings point to peroxynitrite as a novel mediator of TES action in the microcirculation. Detection of TES-stimulated peroxynitrite precursors and tyrosine-nitrated proteins in microvessels, coupled with the observation that TES-induced vasodilation was attenuated by lowering peroxynitrite, indicates an essential role for peroxynitrite in the acute vasodilatory effect of androgens in microvessels. Although our understanding of how peroxynitrite influences vascular function is rudimentary at best, previous studies have demonstrated peroxynitrite-induced vasodilation. For example, systemic injection of peroxynitrite lowers mesenteric vascular resistance and mean arterial pressure in male rats (Graves et al., 2005) . Further, peroxynitrite is a potent pulmonary vasodilator in these animals (Casey et al., 2012) . Although these studies support our findings of peroxynitrite-mediated vasodilation, we can find no previous studies linking peroxynitrite with the vasodilatory effects of androgens.
Because peroxynitrite is formed from superoxide and NO, we hypothesized that TES enhanced superoxide production in mesenteric microvessels. Accordingly, we detected TESstimulated production of superoxide and then quantified this stimulation by using EPR techniques. There are several potential sources of superoxide in blood vessels; however, we found that inhibitors of NADPH oxidase or mitochondrial electron transport did not alter responses to TES. In contrast, TES-stimulated superoxide generation was abolished by allopurinol, a selective inhibitor of XO, which is a source of superoxide in vascular tissues (Berry and Hare, 2004) . Moreover, allopurinol attenuated TES-induced vasodilation. These findings point to XO as a novel target of TES action and a source of TES-stimulated oxidant production in the microvasculature. Although circulating XO binds to vascular endothelium, XO mRNA has been detected within large arteries and veins (Szasz et al., 2008) . The present study now demonstrates XO activity intrinsic to the microvasculature and, to our knowledge, is the first to provide direct evidence that androgens can stimulate XO activity. Such stimulation is consistent with earlier reports that mature male rats exhibit 59% more hepatic XO activity compared with female rats (Levinson and Chalker, 1980) .
As expected, we detected TES-stimulated NO production in microvessels and found that inhibition of NOS activity attenuates TES-induced vasodilation. These findings are consistent with previous studies indicating that NO mediates TES-induced vasodilation of the intact mesenteric bed (Tep-areenan et al., 2002) . Similarly, TES-induced relaxation of rat aorta (Costarella et al., 1996) , canine coronary arteries (Chou et al., 1996) , and airway smooth muscle (Kouloumenta et al., 2006 ) also involves NO production; however, the mechanisms whereby TES stimulates NOS activity are unknown. Interestingly, we found that inhibition of PI3 kinase activity strongly attenuated both TES-stimulated NO production and TES-induced vasodilation. These pharmacological studies suggested that the effect of TES on microvessels involved activity of the PI3 kinase-Akt signaling cascade. This hypothesis was confirmed more directly by demonstrating TES-stimulated phosphorylation (i.e., activation) of Akt in microvessels. Our findings are consistent with a previous report that TES enhances PI3 kinase-Akt signaling and NO production in human vascular endothelial cells (Yu et al., 2010) . Similarly, 17b-estradiol enhances activity of the PI3 kinase-Akt signaling system to stimulate NO production acutely from either eNOS expressed in human endothelial cells (Haynes et al., 2000) or nNOS expressed in porcine or human coronary smooth muscle (Han et al., 2007) . Therefore, our findings with TES are consistent with the idea that PI3 kinase-Akt constitutes an important transduction mechanism mediating nongenomic, steroid-induced NO production in the vasculature. In contrast, TES-induced relaxation of rabbit coronary (Yue et al., 1995) , rabbit carotid (Marrachelli et al., 2010) , or human radial (Seyrek et al., 2007) arteries is largely NOindependent. Thus, there is a significant degree of vascular heterogeneity regarding the reliance of TES signaling on NO production. Nonetheless, our findings that TES stimulates production of both NO and superoxide are entirely consistent with our model of TES-stimulated peroxynitrite production in microvessels.
At present, the mechanism of how peroxynitrite promotes vasodilation is unclear; however, it is known that peroxynitrite can stimulate soluble guanylyl cyclase (sGC) activity in endothelial cells, probably via S-nitrosation, to produce cGMP (Mayer et al., 1995) . In the present study, TES more than doubled cGMP levels in microvessels, and either UA (peroxynitrite scavenger) or allopurinol (XO inhibitor) attenuated both TES-stimulated cGMP production and TES-induced microvascular dilation. Taken together, these findings strongly suggest that TES elevates peroxynitrite formation, leading to enhanced sGC activity and cGMP production in microvessels. Support for this conclusion is derived from reports that TES stimulates cGMP production in coronary arteries (Deenadayalu et al., 2001) and that peroxynitrite relaxes aortic rings by generating cGMP (Li et al., 2005) . These findings support the concept that the vasodilatory effect of TES is mediated via quinoxalin-1-one) (n = 3), 1 mM UA (n = 3), or 300 mM allopurinol (AP; n = 3). Sodium nitroprusside (SNP; 10 mM; n = 3) was used as a positive control. Each bar represents the mean response 6 S.E. *P , 0.05 compared with control. (B) Proposed model of nongenomic TES signaling in rat mesenteric microvessels.
peroxynitrite-induced cGMP production (at least in some arteries). It is also possible that sGC could be stimulated directly by NO or Akt; however, the fact that inhibiting superoxide or peroxynitrite accumulation attenuated TESstimulated cGMP production (and TES-induced vasodilation) points to peroxynitrite as playing a significant role in this vasodilatory mechanism. At this time, however, signaling events downstream from peroxynitrite remain to be elucidated. For example, we have reported that TES stimulates the opening of large-conductance, calcium-activated potassium (BK Ca ) channels in coronary artery smooth muscle cells via cGMP/protein kinase G (Deenadayalu et al., 2001 (Deenadayalu et al., , 2012 , and this channel also mediates a substantial portion of TES-induced vasodilation of the intact rat mesenteric arterial bed (Tepareenan et al., 2002) . Thus, it is quite possible that BK Ca channels are molecular effectors involved in peroxynitriteinduced relaxation of mesenteric microvessels in our study; however, direct patch-clamp experiments will be required to confirm this possibility. In addition, Katori et al. (2006) demonstrated that infusion of peroxynitrite in vivo leads to arterial dilation mediated by decomposition products (i.e., NO 2 2 and NO 3 2 ). Although the present findings have not investigated the potential role of peroxynitrite decomposition products, we previously demonstrated that TES enhances nitrite production in coronary arteries (Deenadayalu et al., 2012) . Further studies are required to determine whether similar decomposition products might mediate the vasodilatory effect of peroxynitrite in mesenteric microvessels.
It is generally thought that the acute effects of androgens on vascular function do not involve the classic AR. For example, flutamide did not affect TES-induced relaxation of rabbit coronary arteries (Yue et al., 1995) and TES relaxed aorta from rats without a functional AR (Costarella et al., 1996) . Somewhat surprisingly, we found that TES-induced vasodilation and Akt phosphorylation were attenuated by AR antagonists, suggesting that AR activation may be an initial signaling event in TES-induced dilation of these microvessels. This conclusion is supported by previous studies indicating that flutamide inhibits acute TES effects on calcium activity in other cells (Gorczynska and Handelsman, 1995; Lyng et al., 2000; Er et al., 2007) . Similarly, inhibiting AR expression (via siRNA techniques) or activation (with flutamide) attenuates acute TES-induced NO production from endothelial cells (Yu et al., 2010) . Therefore, the AR (or an AR-like protein) may indeed mediate some rapid responses to TES. Regardless, it is clear that the nongenomic vascular signaling mechanisms of TES are complicated and require further research to elucidate.
In summary, our findings provide evidence for a novel mechanism of TES action in the microvasculature: TESstimulated oxidant production resulting in vasodilation involving peroxynitrite formation, a mechanism dependent on superoxide generated from XO and NO generated from eNOS or nNOS, culminating in the production of cGMP. TES can acutely stimulate NOS activity via activation of the PI3 kinase-Akt signaling cascade that appears to be initiated by activation of the classic AR or an AR-like protein. There is evidence that exogenous TES can exert a protective effect on exercise-induced myocardial ischemia (Mathur et al., 2009 ), but mechanisms underlying this protective effect remain unclear. Based on our findings, it could be speculated that TES-induced peroxynitrite formation might contribute to this vasodilatory response; however, further studies are required to substantiate a protective role for TES-induced peroxynitrite production in other vascular beds.
